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Summary
The competency of the adaptive immune function de-
creases with age, primarily because of the decline in
production of naı¨ve lymphocytes in the bone marrow
and thymus as well as the expansion of incompetent
memory lymphocytes. Here I discuss the recent prog-
ress on age-associated changes in lymphocytes and
their effect on the adaptive immune system.
Introduction
The adaptive immune system is equipped with two key
weapons: enormously diverse antigen-recognizing lym-
phocyte populations (naı¨ve lymphocytes) and very long-
lived antigen-experienced lymphocytes (memory lym-
phocytes). The former ensures a specific response to
any potential challenges from the universe of foreign an-
tigens, and the latter guarantees a more rapid and ro-
bust response to subsequent encounters of a previously
experienced antigen. Despite a continuous decline in
the generation of naı¨ve lymphocytes and an imperfect
maintenance of memory lymphocytes after puberty,
the adaptive immune system adjusts to these age-asso-
ciated changes and protects the body successfully
against most pathogens for nearly all of adult life. Only
in the late phase of life does the progressive decline of
immune function create vulnerability, with a resultant in-
crease in morbidity and mortality due to infection in the
elderly.
Immunosenescence describes a state of profound
age-associated changes in the immune system; these
changes are manifested by the overall decline of anti-
gen-specific immunity. At the cellular level, the most
prominent features of immunosenescence include asub-
stantial decrease in the number of naı¨ve lymphocytes, as
a result of a reduction in thymic output of T cells (Linton
and Dorshkind, 2004), as well as fewer bone marrow
early progenitor B cells (Allman and Miller, 2005) and an
accumulation of oligoclonally expanded and functionally
incompetent memory lymphocytes (Figure 1). As the di-
rect consequence of these changes, the diversity of the
antigen-recognition repertoire is markedly decreased
with age. Based on the analysis of TCR Vb chain usage
in human peripheral T cells, the antigen-recognition rep-
ertoire of T cells decreases from approximately 108 in
young adults to 106 in the elderly (Goronzy and Weyand,
2005). The causes of age-associated decline in the gen-
eration of naı¨ve cells are likely to be multifactorial and to
*Correspondence: wengn@mail.nih.govinvolve changes in growth factors and/or hormones, he-
matopoietic progenitor cells, and their surrounding mi-
croenvironment. The accumulation of memory cells
with age may reflect an adaptive response to the decline
of production of naı¨ve lymphocytes through homeostatic
expansion, as well as the cumulative effect of past and
persistent viral infections (Pawelec et al., 2005).
Functionally, the decline of adaptive immunity with
age can be attributed to impairment at the systemic
and microenvironmental levels in lymphoid and non-
lymphoid organs involving multiple types of cells other
than lymphocytes (extrinsic defects) and to the specific
impairment in the function of lymphocytes (intrinsic de-
fects). The age-associated extrinsic changes often af-
fect multiple systems, e.g., the neuroendocrine system
(Glaser and Kiecolt-Glaser, 2005) and even the innate
immune system (Solana et al., 2006 [this issue]) influence
the adaptive immune function; therefore, cause and ef-
fect are not always clear cut. Conversely, the age-asso-
ciated defects of lymphocytes are better defined. Here, I
shall summarize recent progress in understanding age-
associated changes in lymphocytes at three levels, (1)
cell, (2) transcription, and (3) telomere, and discuss the
effect of these changes on adaptive immunity.
What Are the Changes in Lymphocytes with Age
and Their Consequences?
Naı¨ve CD4+ T cells isolated from older humans and mice
display decreased in vitro responsiveness to T cell re-
ceptor stimulation and altered profiles of cytokine se-
cretion when they are compared to naı¨ve CD4+ T cells
isolated from young hosts. In parallel, the helper func-
tion of naı¨ve CD4+ T cells for antibody production by B
cells is also decreased (Swain et al., 2005). The decline
in naı¨ve CD4+ T cell function with age may in part be at-
tributable to altered events in proximal signaling path-
ways; such changes may include delayed relocalization
of signaling proteins to the immune synapse and de-
creased fluidity of lipid rafts with high levels of choles-
terol in response to activation through the T cell receptor
(TCR) (Sadighi Akha and Miller, 2005). These age-related
defects in naı¨ve CD4+ T cells are due to the chronologic
age of naı¨ve CD4+ T cells rather than the chronologic age
of the individual (Swain et al., 2005). This finding sug-
gests that long-term maintenance of naı¨ve CD4+ T cells
through homeostatic cytokines may be detrimental to
their function. Indeed, naı¨ve CD4+ T cells that have un-
dergone homeostatic cell divisions proliferate less and
produce less IL-2 in response to antigen stimulation
than do naı¨ve CD4+ T cells that have not undergone pre-
vious homeostatic division (Swain et al., 2005). However,
the mechanism underlying homeostasis-associated
dysfunction of naı¨ve CD4+ T cells is not known. Whether
homeostatic expansion reduces the replicative capacity
of naı¨ve CD4+ T cells remains to be determined. Newly
generated naı¨ve CD4+ T cells from old mice exhibit ro-
bust proliferation, IL-2 secretion, and helper functions
in response to antigen ex vivo and in vivo. This raises
the possibility that thymic regeneration and the produc-
tion of newly generated naı¨ve T cells may be a solution
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(Taub and Longo, 2005).
In contrast to naı¨ve cells, memory CD4+ T cells are
long-lived, maintained by homeostatic cytokines, and
relatively competent with age. Isolated memory CD4+
T cells from healthy elderly humans and old mice are
normal in antigen-induced proliferation in vitro (Kovaiou
et al., 2005). Furthermore, memory CD4+ T cells that
were generated at a young age respond well to antigens
over time, whereas memory CD4+ T cells derived in old
age respond poorly (Haynes et al., 2005). These findings
suggest that age-associated defects in memory CD4+ T
cells may stem from the defects of aged naı¨ve CD4+ T
cells that have reduced diversity and proliferative ca-
pacity. However, changes of the composition of memory
CD4+ T cell subsets such as central and effector memory
cells with age have also been implicated for the impaired
immune response to viral infections such as the influ-
enza virus and vaccines (Kang et al., 2004).
One of the hallmarks of age-associated changes in the
human immune system is the accumulation of CD282
CD8+ T cells. CD282 CD8+ T cells are absent in the new-
born and become the majority (80%–90%) of circulating
CD8+ T cells in the elderly. The accumulation of CD282
CD8+ T cells was also found in viral infections such as
cytomegalovirus (Almanzar et al., 2005), so CD282
CD8+ T cells may be derived from CD28+ CD8+ T cells af-
ter repeated antigenic stimulation. Functionally, CD282
CD8+ T cells have a reduced proliferative response to
TCR crosslinking but exhibit normal or even enhanced
cytotoxic capacity and are resistant to apoptosis
(Azuma et al., 1993).
Figure 1. Age-Associated Changes of Lymphocytes at the Cellular
Level
Naı¨ve lymphocytes in young human adults have an enormously
diverse antigen-recognition repertoire. A gradual decline in the pro-
duction of naı¨ve lymphocytes after puberty and a decrease in the di-
versity of the antigen-recognition repertoire occur during aging
(Franceschi and Cossarizza, 1995)(Goronzy and Weyand, 2005).
An immunosenescent state in the elderly is defined by a markedly
decreased population of naı¨ve lymphocytes and an oligoclonally ex-
panded population of memory lymphocytes along with a reduced
antigen recognition (Goronzy and Weyand, 2005).Clonal expansion of CD8+ T cells, especially those
CD282 CD8+ T cells, presents another prominent age-
associated change. As a result of the reduction of naı¨ve
CD8+ T cell-output, some degree of oligoclonal expan-
sion of CD8+ T cells with age is commonly observed in
the healthy elderly (Messaoudi et al., 2004). Such
changes may reflect a compensatory mechanism to
control latent viral infections or to fill available T cell
space. When clonal expansion reaches a critical level,
the diversity of the T cell repertoire is reduced, and the
ability of immune protection to new infection is compro-
mised. In fact, clonal expansion of CD282 CD8+ T cells
appears to be directly responsible for increased infec-
tions and a failed response to vaccines in the elderly
(Almanzar et al., 2005).
The numbers of B cells in the periphery decrease in old
humans (Franceschi and Cossarizza, 1995) but appear
to be normal in old mice (Johnson and Cambier, 2004).
As a consequence of decreased generation of early pro-
genitor B cells, the output of new naı¨ve B cells decreases
in old mice (Allman and Miller, 2005), and consequently
antigen-experienced B cells are expanded. This causes
a reduced antigen-recognition repertoire of B cells in
both old humans and old mice (Johnson and Cambier,
2004). At the cellular level, alteration in immunoglobulin
generation (through class switch) in B cells is observed
in aged mice and humans (Frasca et al., 2005), which
may also contribute to the decline of the quality of hu-
moral response in the elderly. In addition, age is associ-
ated with the incidence of B cell malignancy in older
adults with oligoclonally expanded B cells.
What Are the Transcriptional Changes that Occur
in Aged Lymphocytes?
Global gene-expression profiles have been analyzed in
CD4+ T cells from young and old mice (Mo et al., 2003)
and in human memory CD8+ T cells from CD28+ and
CD282CD8+ subsets (Fann et al., 2005) (Figure 2). Based
on their known functions, the genes whose expression is
altered in ‘‘aged’’ lymphocytes can be divided into four
groups: (1) cell-surface receptors, (2) cytokines and their
receptors, (3) effector molecules, and (4) transcriptional
regulators.
Alteration of cell-surface receptor expression, for ex-
ample loss of costimulatory receptor CD28 expression
in CD8+ T cells, is one of the most consistent age-related
changes in lymphocytes. One striking finding is the gain
of expression of a variety of stimulatory NK cell recep-
tors in CD282 CD8+ memory T cells. These NK cell re-
ceptors include (1) KIR2DL2 (NKAT6), KIR2DS2, and
NCR1 of the immunoglobulin-like NK cell receptor fam-
ily, (2) KLRC3, KLRC4, KLRD1 (CD94), KLRF1, KLRG1,
and KLRK1 (NKG2D) of the C-type lectin-like NK cell re-
ceptor family, and (3) CD16 and CD244. The gain of NK
receptor expression in CD282CD8+ T cells may facilitate
their effector functions as compensation for impaired
proliferation (Tarazona et al., 2000).
Elevated expression of chemokines and cytokine re-
ceptors was also found in both human CD282 CD8+ T
cells and CD4+ T cells from aged mice. Chemokine re-
ceptors (CX3CR1, CCRL1) and chemokine-like receptor
1 (CMKLR1) are substantially more highly expressed in
human CD282CD8+ memory T cells compared with their
CD28+ counterparts. CCR1, CCR2, CCR4, CCR5, CCR6,
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497Figure 2. Age-Associated Changes of Lymphocytes at the Molecular Level
Individual lymphocytes of various ages exist at any stage of life as a reflection of the generation of newly matured T cells, as well as repeated
stimulation and proliferation of existing T cells. For human CD8+ T cells, young cells express CD28, whereas aged cells lose expression of
CD28 along with multiple changes in gene expression. Gain and loss of expression of selected genes in young to aged cells is shown. Genes
are grouped based on the physical location from cell surface to cytosol to nucleus. In addition to changes in gene expression, there is a decrease
in the length of telomeres at the ends of chromosomes from young cells to aged cells as a result of cell divisions. Adapted from (Fann et al., 2005).CCR8, and CXCR2 to CXCR5 are highly expressed in
CD4+ T cells from old mice as opposed to young mice.
Reduced expression of interleukin-7 receptor and IL-12
receptor b2 was found in CD282 CD8+ memory T cells.
CD282 CD8+ memory T cells expressed higher amounts
of IL-13, chemokine (CCL4), and effector proteins such
as perforin, granzyme B, and granzyme H (GAMB and
GZMH) than their CD28+ counterparts. Finally, elevated
expression of transcription factors in CD282CD8+ mem-
ory T cells was also identified; such transcription factors
included, T-bet (encoded by TBX21), which functions in
initiating T helper 1 lineage development and immuno-
globulin class switching, and eomesodermin (EOMES),
which induces production of interferon-g, perforin, and
granzyme B in CD8+ T cells. On the other hand, MYC,
an important regulator of cell proliferation, differentia-
tion, and apoptosis, was downregulated in CD282
CD8+ memory T cells.
Global gene expression analyses between human
CD282 and CD28+ CD8+ memory T cells and mouse
young and old CD4+ T cells provide a first glimpse of
age-associated changes in gene transcription. Extend-
ing microarray analysis and combining this approach
with proteomic analysis of T and B cell subsets from
young and old donors will offer unprecedented power
in elucidating age-associated changes in lymphocytes.
Is Telomere Length the Ultimate Limit for
Lymphocyte Replicative Lifespan?
Adaptive immune responses depend on the ability of
lymphocytes to undergo cell divisions in response to an-
tigenic challenge. Lymphocytes are thought to have a fi-
nite replicative lifespan. Telomere length may act as the
ultimate limit for the number of divisions that a human
lymphocyte can undergo.
Human telomeres are 10- to 15-kb-long tandem hexa-
nucleotide (TTAGGG)n repeats, and their binding pro-
teins are located at the ends of chromosomes. As aresult of incomplete replication of chromosomal termini,
telomeres shorten with each cell division. Because telo-
meres are essential for maintaining chromosomal integ-
rity, cells with critically shortened telomeres cease divi-
sion (senescence) and are prone to apoptosis. Thus, the
length of telomeres serves not only as a record of cell
division history but also as a limit for the number of
divisions that a cell can undergo. Telomeres are synthe-
sized by a specialized enzyme, telomerase, which com-
pensates for the loss of telomere length from cell divi-
sions. In germ line cells and cancer cells, telomere
length is maintained by telomerase. However, most nor-
mal somatic cells express little or no telomerase and
undergo progressive telomere shortening with cell divi-
sion. Thus, telomerase preserves replicative lifespan by
maintaining telomere length.
Loss of telomeres in lymphocytes in vivo was first
demonstrated during CD4+ differentiation from naı¨ve
to memory cells (Weng et al., 1995). Naı¨ve CD4+ T cells
have longer telomeres than memory CD4+ T cells, and
the difference in telomere length between them may re-
flect the number of cell divisions memory cells have un-
dergone in vivo. Subsequently, telomere shortening was
also found to occur in the transition from naı¨ve to mem-
ory CD8+ T cells (Rufer et al., 1999). Furthermore, aged
CD282 CD8+ T cells had shorter telomeres than their
young CD28+ counterparts (Monteiro et al., 1996). Pro-
gressive telomere shortening was found in long-term
cultured T cells, and markedly shortened telomeres
were found in long-term cultured T cells that had
reached replicative senescence (Weng et al., 1995;
Effros and Pawelec, 1997). Naı¨ve CD4+ T cells that pos-
sess longer initial telomeres undergo a greater number
of cell divisions than do memory cells before reaching
senescence in vitro (Weng et al., 1995). Consistent
with the in vitro findings, cross-sectional analysis of
telomere length shows a decrease of telomere length
in CD4+ and CD8+ T cells with age (Rufer et al., 1999;
Immunity
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controlled replicative lifespan may play a role in the age-
associated decline of T cell functions.
Unlike other somatic cells, telomerase is activation
regulated in lymphocytes. Resting T cells have little to
no telomerase activity, but substantial activity is in-
duced upon stimulation via cross-linking TCR, by
pharmacologic reagents, or by homeostatic cytokines
(Hodes et al., 2002). This mode of regulated telomerase
expression suggests that telomerase may compensate
for telomere loss in activation-induced T cell prolifera-
tion. Consistent with this hypothesis, telomerase activity
correlates with telomere-length changes in long-term
cultures of T cells. When telomerase activity is high, after
initial T cell stimulation, telomere length is maintained in
robustly dividing T cells. However, when telomerase ac-
tivity is less effectively induced in later rounds of stimu-
lation, telomere shortening becomes obvious in cultured
T cells. Furthermore, introduction of the telomerase cat-
alytic component (hTERT) in T cells results in enhanced
expression of telomerase activity and increased prolifer-
ative capacity of T cells in vitro (Hooijberg et al., 2000).
Like T cells, B cells also show telomere shortening
with age but at a relatively slower rate than in T cells
(Son et al., 2000). Studies of B cells during germinal cen-
ter (GC) response revealed interesting differences in the
maintenance of telomere length in T and B cells. In the
course of naı¨ve B cell differentiation to GC B cells, expo-
nential numbers of cell divisions occur in the process of
successfully selecting cells for further differentiation to
become plasma cells and memory B cells. This process
can be iterative and involve multiple cycles of mutation,
selection, and clonal expansion. In contrast to predic-
tions, the telomeres in GC B cells are not shorter but
rather are substantially longer than those in either naı¨ve
or memory B cells from the same individual (Weng et al.,
1997). Furthermore, naı¨ve or memory B cells express lit-
tle or no telomerase activity, whereas GC B cells express
high telomerase activity. Consistent with these findings,
no shortening of telomere length occurs during the tran-
sition from naı¨ve to memory B cells (Son et al., 2003). Ef-
ficient telomere lengthening during GC response mini-
mizes telomere loss during differentiation from naı¨ve to
memory B cell differentiation and explains the slow
rate of telomere shortening in peripheral blood B cells
with age.
Thus, it is conceivable that progressive telomere ero-
sion in lymphocytes with successive rounds of cell divi-
sions can eventually lead to the senescence of lympho-
cytes. If this happens, the cells that are most likely to be
affected are memory lymphocytes. Indeed, marked telo-
mere erosion, which occurs in CD4+ memory T cells in
the course of responding to antigenic challenge, may
in turn reduce the cells’ ability to mediate a subsequent
response (Reed et al., 2004). This hypothesis is also sup-
ported by the characterization of a genetic disorder,
dyskeratosis congenita, which displays a telomerase
defect that results from mutation in the telomerase
RNA template gene; this mutation leads to the failure
of hematopoietic regeneration in vivo (Mitchell et al.,
1999). However, at the observed rate of telomere ero-
sion in lymphocytes (<100 bp/year) in human adults,
based on cross-sectional analyses, the initial telomere
length (10–15 kb) may be sufficiently long to supportsustained telomere function in lymphocytes even in cen-
tenarians. Thus, the fundamental issue of whether telo-
mere length is actually responsible for the age-associ-
ated decline of lymphocyte function in vivo remains to
be proven.
Conclusion
The ability of the adaptive immune system to cope with
age-associated changes is limited. The continuous
decrease in diversity of the antigen repertoire and the
accumulation of functionally impaired memory lympho-
cytes with age can lead to holes in the body’s defenses,
and pathogens can exploit these holes. Although sub-
stantial progress has been made in identification of
age-associated changes in selected lymphocyte sub-
sets, further studies are needed to identify age-associ-
ated changes in both T and B cells at the levels of
gene expression, protein, and cellular organelles. It is
necessary to definitively assess the role of telomeres
in lymphocyte aging through the development of sensi-
tive and reliable methods to measure telomere length in
interphase chromosomes and to detect dying cells
in vivo. It is also worth exploring the role of telomerase
and telomere binding proteins for better maintenance
of telomere length in lymphocytes with aging. Finally, it
will be crucial to understand factors that regulate thymic
involution and lymphocyte homeostasis, especially of
naı¨ve cells, with aging. In this regard, it is also important
to understand age-associated changes in hematopoi-
etic progenitor cells. Our knowledge of aging of the
adaptive immune system is nevertheless limited. There-
fore, a better understanding of the mechanisms underly-
ing the age-associated changes of adaptive immunity
will lead to new avenues for stimulating the output of
naı¨ve cells, maintaining a healthy memory-lymphocyte
pool, and developing vaccines with improved efficacy
in the elderly.
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